Methicillin-resistant Staphylococcus aureus (MRSA) is an emerging cause of catheter-associated urinary tract infection (CAUTI), which frequently progresses to more serious invasive infections. We adapted a mouse model of CAUTI to investigate how catheterization increases an individual's susceptibility to MRSA UTI. This analysis revealed that catheterization was required for MRSA to achieve high-level, persistent infection in the bladder. As shown previously, catheter placement induced an inflammatory response resulting in the release of the host protein fibrinogen (Fg), which coated the bladder and implant. Following infection, we showed that MRSA attached to the urothelium and implant in patterns that colocalized with deposited Fg. Furthermore, MRSA exacerbated the host inflammatory response to stimulate the additional release and accumulation of Fg in the urinary tract, which facilitated MRSA colonization. Consistent with this model, analysis of catheters from patients with S. aureus-positive cultures revealed colocalization of Fg, which was deposited on the catheter, with S. aureus. Clumping Factors A and B (ClfA and ClfB) have been shown to contribute to MRSA-Fg interactions in other models of disease. We found that mutants in clfA had significantly greater Fg-binding defects than mutants in clfB in several in vitro assays. Paradoxically, only the ClfB − strain was significantly attenuated in the CAUTI model. Together, these data suggest that catheterization alters the urinary tract environment to promote MRSA CAUTI pathogenesis by inducing the release of Fg, which the pathogen enhances to persist in the urinary tract despite the host's robust immune response.
Methicillin-resistant Staphylococcus aureus (MRSA) is an emerging cause of catheter-associated urinary tract infection (CAUTI), which frequently progresses to more serious invasive infections. We adapted a mouse model of CAUTI to investigate how catheterization increases an individual's susceptibility to MRSA UTI. This analysis revealed that catheterization was required for MRSA to achieve high-level, persistent infection in the bladder. As shown previously, catheter placement induced an inflammatory response resulting in the release of the host protein fibrinogen (Fg), which coated the bladder and implant. Following infection, we showed that MRSA attached to the urothelium and implant in patterns that colocalized with deposited Fg. Furthermore, MRSA exacerbated the host inflammatory response to stimulate the additional release and accumulation of Fg in the urinary tract, which facilitated MRSA colonization. Consistent with this model, analysis of catheters from patients with S. aureus-positive cultures revealed colocalization of Fg, which was deposited on the catheter, with S. aureus. Clumping Factors A and B (ClfA and ClfB) have been shown to contribute to MRSA-Fg interactions in other models of disease. We found that mutants in clfA had significantly greater Fg-binding defects than mutants in clfB in several in vitro assays. Paradoxically, only the ClfB − strain was significantly attenuated in the CAUTI model. Together, these data suggest that catheterization alters the urinary tract environment to promote MRSA CAUTI pathogenesis by inducing the release of Fg, which the pathogen enhances to persist in the urinary tract despite the host's robust immune response.
host-pathogen interactions | MRSA CAUTI | ClfB-fibrinogen interactions A s Staphylococcus aureus only accounts for between 0.5 and 2% of all urine positive cultures, the gram-positive pathogen is not typically considered a major cause of urinary tract infection (UTI) (1-3). However, recent epidemiologic studies indicate that S. aureus is an emerging cause of UTI in special patient populations, such as pregnant women and those with complicated UTI (4) (5) (6) (7) (8) (9) (10) . Complicated S. aureus UTIs are predominately associated with the presence of foreign bodies (i.e., urinary catheters or kidney stones) (4, 9, 11, 12) , recent hospital exposure (8) , residence in a long-term care facility (6, 13) , and other comorbidities such as prostatic abscesses following prostatitis, diabetes, and cancer (14, 15) . Of particular concern, complicated S. aureus UTIs are frequently associated with the development of severe sequelae, leading to increased rates of morbidity and mortality (4, 6, 8, 12, 13, (16) (17) (18) . Additionally, treatment of these infections has become increasingly difficult, as most S. aureus isolates causing complicated UTI are methicillinresistant S. aureus (MRSA) and are refractory to treatment by antibiotics that typically have efficacy in the urinary tract (4, 8, 12, 19, 20) . This highlights the need for developing a greater understanding of the pathogenesis of complicated UTI for the development of new antibiotic-sparing therapies.
The most significant risk factor for developing complicated MRSA UTI is urinary catheterization (4, 8, 9, 12, 21) . Recent studies have highlighted that in contrast to catheter-associated UTI (CAUTI) caused by other bacteria, MRSA dissemination to bacteremia following bacteriuria occurs more frequently (5 vs. 20%, respectively) and manifests rapidly, typically within 2 d of a urine positive culture (4, 12, 22) . Overall, CAUTI is the leading cause of secondary hospital-associated bloodstream infections (BSIs) (23) , and MRSA BSIs are associated with high rates of morbidity and mortality, frequently resulting in metastatic infections of other organs and tissues, endocarditis, and septic shock (4, 8, 12, 18, 24, 25) . While MRSA invasive diseases are under intense study, the mechanisms MRSA employs to cause CAUTI remain uncharacterized. Elucidating these mechanisms will provide important insights that may be used to identify patient factors for developing invasive disease, determine effective treatment options, and understand the factors that contribute to poor patient outcomes.
Previous studies have shown that the placement of a catheter into the bladder leads to a specific and localized inflammatory response resulting in the release of the host protein fibrinogen (Fg), which accumulates in the bladder and on the catheter (26) . Further, urinary catheters removed from humans have been shown to be coated with Fg (27) . It has long been recognized that
Significance
Staphylococcus aureus is a cause of catheter-associated urinary tract infections (CAUTIs). S. aureus CAUTIs are problematic because they are usually caused by antibiotic-resistant strains, and patients who develop these infections have a high risk of developing serious complications. Catheterization in humans and mice causes damage in the bladder that results in the release of host protein fibrinogen (Fg). This study suggests that S. aureus exploits the presence of Fg via interactions mediated by the Fg-binding protein ClfB to facilitate colonization of the bladder and the catheter to cause a persistent infection in both mice and humans. Insights into S. aureus CAUTI pathogenesis is facilitating the development of more-targeted therapies to better treat these infections.
MRSA interactions with Fg are critical in pathogenesis (28) (29) (30) (31) (32) (33) . For example, MRSA-Fg interactions, which result in bacterial agglutination, have been shown to contribute to pathogenesis by providing a microenvironment permissive for activation of the agrquorum sensing system (34) . This results in the up-regulation of virulence factors essential for survival and dissemination (34, 35) . The findings that urinary catheterization alters the UT environment by triggering the release of Fg (26) and that MRSA UTI is predominately associated with urinary catheterization (26, (36) (37) (38) suggest that MRSA may exploit the presence of this host protein to cause disease. Additionally, this process is known to be true for Enterococcus faecalis, which expresses an endocarditis-and biofilm-associated (Ebp) pilus that is tipped with the Fg-binding protein EbpA. EbpA binding to Fg facilitates E. faecalis biofilm formation on the catheter, which initiates the CAUTI pathogenic cascade. While MRSA does not encode pili, the pathogen uses a large family of structurally homologous, cell wall-linked adhesin proteins, termed "microbial surface components recognizing adhesive matrix molecules" (MSCRAMMs), to interact with Fg and other host proteins to promote pathogenesis (32, (39) (40) (41) .
In this study, we developed a mouse model of MRSA CAUTI to determine whether the presence of Fg during urinary catheterization creates a suitable environment for MRSA colonization and persistence. We found that (i) the presence of a catheter is required for persistent MRSA UTI; (ii) MRSA binds to regions of the catheter that are coated with Fg in both mice and humans; (iii) MRSA actively promotes catheter-induced inflammation to stimulate the accumulation of Fg; and (iv) MRSA can persist during long-term catheterization despite the presence of a robust inflammatory response. Finally, analysis of the two bestcharacterized Fg-binding MSCRAMMs, Clumping Factor A (ClfA) and Clumping Factor B (ClfB) (32, (39) (40) (41) , revealed ClfB was important for CAUTI, supporting a mechanism whereby MRSA exploits the presence of Fg to cause persistent CAUTI.
Results

MRSA Survives and Grows in Human
Urine. MRSA UTI is rare in otherwise healthy individuals, with the majority associated with catheterization (1-4, 8, 9, 12, 21 ). Therefore, we tested whether the low incidence of MRSA UTI was due to an inability of MRSA to grow in urine (Fig. S1) . A panel of MRSA strains from diverse isolation sites (Table S1 ) was cultured in either rich media or pooled human urine ranging from pH 5.0 to 7.0 and growth was assessed by measuring the OD 600 over time and determining the CFUs after 24 h. Strains JE2-MRSA, SSTI-MRSA, Co-MRSA, MRSA 1369, PUTS-1, and TOP6-555 all displayed similar growth curves in rich media, with maximal growth reaching an OD 600 of >1.0 (Fig. S1 A-F) and ∼10
10 CFUs per mL after 24 h (Fig.  S1G ). All six strains also displayed similar growth curves to each other when grown in urine of any pH; however, maximal growth only reached an OD 600 of ∼0.5 ( Fig. S1 A-F) , with 1 to 5 × 10 8 CFUs per mL (Fig. S1G) , about 1.5 logs lower than rich media. These data show that despite having reduced available nutrients, MRSA readily grows in human urine.
MRSA Requires a Catheter for Urinary Tract Colonization. Next, we investigated whether MRSA pathogenesis in the UT is potentiated by the presence of a catheter by adapting a CAUTI mouse model. A small piece of silicone tubing (implant) was transurethrally placed in the bladder before transurethral inoculation with 10 7 CFUs of MRSA 1369, PUTS-1, or TOP6-555. Control mice did not receive the implant. In the absence of an implant, 1 d post infection (dpi), mice infected with MRSA 1369, PUTS-1, or TOP6-555 all displayed a relatively low bacterial burden, albeit variable, with a mean average of approximately 10 3 CFUs (Fig. 1) . In contrast, mice that received implants had bladder burdens that were 3 logs higher than nonimplanted mice (Fig. 1) . MRSA 1369 was selected for further characterization in this model as it is a methicillin-resistant urine isolate and is representative of what is seen causing CAUTI in the clinic. MRSA 1369 was assessed for UT colonization and dissemination over the course of a 2-wk experiment (Fig. 2) . Implanted bladders all sustained high levels of MRSA 1369 colonization with mean values greater than 10 5 CFUs ( Fig. 2A ). Retrieved implants all had high levels of colonization with mean values higher than 10 5 CFUs (Fig. 2B ) and were associated with high bladder burdens. However, due to the nature of this model, mice occasionally lose their implant during micturition. Mice that lost the implant had significantly lower bladder bacterial burdens over 2 wk compared with mice that maintained the implant ( Fig. 2A) . Additionally, the loss of an implant early was associated with a significant decrease in bacterial burden, an effect that became less pronounced when the implant was lost later in time ( Fig. 2A) . Kidneys of mice with implants also displayed higher burdens compared with those that lost the implant by 14 dpi (Fig. 2C) . MRSA disseminated to the blood (Fig. 2D) , spleen (Fig. 2E) , and heart (Fig. 2F) , and was detected in mice that retained their implants, although this effect decreased over time, with bacteremia resolved by 1 d and spleen and heart infection undetectable by 14 dpi. In summary: (i) MRSA requires an implant to persistently colonize the UT; (ii) implants universally become colonized throughout a 2-wk infection; and (iii) dissemination into other organs can be detected as a sequela of CAUTI. The association with catheterization and rapid dissemination in this model is consistent with what has been reported for human MRSA UTI (4, 12) , and suggests that catheterization alters the bladder environment, making it suitable for persistent MRSA UT colonization and dissemination.
MRSA Exacerbates the Inflammatory State of the Catheterized
Bladder. Catheterization has been shown to induce a strong, localized inflammatory response that results in tissue damage and edema (26, 37, 38) . Bladder inflammation in this model, measured via a change in bladder weight (37) , was significantly increased in mock-infected implanted mice compared with naïve, as expected (naïve vs. PBS-I, 6 h; Fig. 3A ). At early time points, inflammation in implanted mice was similar between infected and mock-infected mice (PBS-I vs. MRSA-I, 6 h; Fig. 3A) . However, while inflammation in mock-infected mice remained relatively constant, inflammation continually increased in infected mice that retained the implant (1, 7, 14 dpi; Fig. 3A ). By 14 dpi, infected bladder weights were significantly increased compared with implanted, mock-infected control mice or infected mice that lost the implant. Bladders with the highest weights developed abscesses (Fig. S2) , and the implants recovered from these bladders were coated in thick puss-like exudations (Fig. S2B) . Furthermore, the spleens Open and closed symbols denote nonimplanted mice and mice that retained the implant, respectively. Statistical significance was assessed using the Mann-Whitney U test, *P < 0.01, **P < 0.001.
from infected-implanted mice displayed significant splenomegaly ( Fig. S3A ), while the weights of kidneys ( Fig. S3B ) and hearts ( Fig.  S3C ) remained similar between all mice. To gain insight into the impact of infection on the inflammatory response in implanted mice, bladder homogenates were used to assess the expression of a panel of cytokines. Of the 23 cytokines analyzed, 22 were induced >2-fold in infected implanted compared with noninfected implanted mice ( Fig. 3 B and C), with 12 displaying >10-fold induction by 14 dpi (Fig. 3C ). Together, these data indicated that persistent MRSA CAUTI exacerbates implant-induced inflammation and results in a highly inflamed state, which MRSA overcomes to cause disease.
Catheterization Creates a Permissive Environment for MRSA Urinary
Tract Colonization. Catheterization induces the release of Fg in the bladders of both humans and mice (2, 26) . Since it is wellestablished that Fg interactions promote MRSA pathogenesis in a diverse range of diseases (28) (29) (30) (31) (32) (33) , we hypothesized that Fg may play a key role in altering the UT environment to facilitate MRSA CAUTI. To test this, the presence and localization of Fg and MRSA were examined in the bladders of implanted-infected mice. Immunofluorescence staining revealed that in naïve mice Fg was not detected and the epithelium was intact (naïve, Fig.  4A ). Staining for the presence of uroplakin III (UpIII), a crystalline protein matrix produced by the terminally differentiated umbrella cells of the bladder (26, 42) , was used to delineate mucosal wounding. By 1 dpi in implanted mice, areas of the epithelia appeared compromised (1 dpi, Fig. 4A ). Additionally, Fg was present in bladders ( Fig. 4A and Fig. S4 ) and on catheters (Fig. 4C) , and MRSA was found to colocalize with the deposited Fg. By 7 dpi, UpIII staining was diminished and cell nuclei staining became diffuse (7 dpi, Fig. 4A ), which persisted through day 14 (14 dpi, Fig. 4A ). The decreased UpIII staining is indicative of exfoliation of the umbrella cells, which was previously shown to be accompanied by an expansion of the proliferative zone (43) . Additionally, an increase in Fg coating the underlying cells was observed, which likely aids in healing the damaged epithelium, and MRSA primarily colocalized with the accumulating Fg. At 14 d post implantation and infection, large aggregates of Fg formed in infected implanted bladders and MRSA was predominately found within these clumps (Fig. 4B ). We next determined whether these findings translated to the clinic. Thus, we collected catheters from patients determined to have S. aureus-positive urine or catheter cultures (Table S2) to assess Fg and/or S. aureus deposition. We found that Fg was deposited on all patient catheters and S. aureus colocalized with deposited Fg (Fig. 5) , despite receiving intensive antibiotic therapy (27) (Table S2) . Together, these data indicate that Fg deposition on urinary catheters alters the UT environment, making it more suitable for MRSA adherence and persistent colonization.
Scanning Electron Microscopy of S. aureus Urinary Tract and Catheter
Colonization. To more closely examine implants from mice and compare them with human urinary catheters, scanning electron microscopy (SEM) was used. Mice received implants and were either mock-infected or MRSA-infected for 24 h. Images of mock-infected implanted bladders revealed areas of epithelial cell damage (Fig. 6 A and B) and, in the latter, these areas were associated with large communities of MRSA, appearing similar to biofilms ( Fig. 6 B and C) . Immune cell infiltrates, likely neutrophils, were visible in the area surrounding MRSA, as well as encasing the bacteria (Fig. 6 B and C) . Implants from both mockand MRSA-infected mice had host cells and proteins associated with them ( Fig. 6 D and E) , which coincided with large communities of MRSA in infected mice (Fig. 6E) . SEM analysis of catheters from human patients with S. aureus-positive cultures revealed similar features to mouse implants (Fig. 7F ). Epithelial and immune cells, host proteins, consistent with Fg, and S. aureus were visible on the urinary catheters. These data suggest that our mouse model of MRSA CAUTI recapitulates aspects of human CAUTI where MRSA forms communities within the UT by incorporating host components, including Fg, that protect against clearance by immune cells and antibiotic therapy.
ClfA and ClfB Mutant Strains Display Expected Fibrinogen-Binding
Phenotypes. ClfA and ClfB are two of the best-characterized members of the MSCRAMM family (32, 39, 40) . Both adhesins are known to play critical roles in (i) binding to Fg; (ii) agglutination; Bacteria were also detected in the blood at 6 h post implantation and infection (hpii), with most mice controlling the bacteremia by 1 dpii. (E and F) Mice also displayed dissemination to the spleen (E) and heart (F) at early time points but were able to control the disseminated infection by 14 dpii. Open and closed symbols denote mice that lost the implant and mice that retained the implant over the course of the experiment, respectively. Statistical significance was assessed using the Mann-Whitney U test, *P < 0.05, **P < 0.005.
and (iii) pathogenesis in diverse animal models (28, 29, (31) (32) (33) (39) (40) (41) . Mutation of either gene results in decreased Fg binding and reduced virulence, albeit ClfA − strains typically display more striking phenotypes both in vitro and in vivo. Thus, to determine the role of MRSA-Fg interactions in the CAUTI model, we focused on characterizing clfA-and clfB-deficient mutants. To do this, transposon mutants in clfA and clfB (44, 45) were generated in MRSA 1369 creating strains ClfA − and ClfB − , respectively (SI Materials and Methods). Both mutants had growth characteristics similar to WT in either rich media or human urine (Fig. S5) . Next, these mutants were assessed for Fgdependent agglutination and Fg adherence to confirm they displayed Fg-binding defects consistent with their published phenotypes (31, 40) . For the Fg-dependent agglutination assay, the WT strain grown in either rich media (Fig. S6A) or urine (Fig.   S6B ) displayed significant agglutination upon the addition of Fg. Mutation in clfA significantly reduced this Fg-dependent agglutination by 57 to 70%, depending on the growth condition, as expected. Additionally, the ClfA − strain exhibited significantly reduced binding to Fg-coated wells compared with MRSA 1369 when grown in either rich media (Fig. S6C ) or human urine (Fig. S6D) . Consistent with previous reports (31, 33) , the effect of the clfB mutation was more modest after growth in rich media, displaying a small but significant agglutination defect (∼10% reduction) (Fig. S6A) . However, after growth in human urine, the ClfB − strain's Fg-dependent agglutination defect was much more pronounced (∼25% reduction) compared with WT (Fig.  S6B) . Paradoxically, while the clfB mutant displayed a significant reduction in binding to Fg-coated wells compared with WT after growth in rich media (Fig. S6C) , consistent with previous reports (39) , this reduction did not translate to ClfB binding to Fgcoated wells when the mutant was grown in urine (Fig. S6D) . Finally, these strains were assessed for attachment to and colocalization with Fg on patient catheters (Fig. S6E and Table  S2 ). Binding of the clfA and clfB mutants to the catheter was reduced compared with the WT strain, when grown in rich media (Fig. S6E) . The residual binding that was observed was found to primarily colocalize with Fg on the catheter, likely due to the expression of at least ClfB in the clfA mutant or ClfA in the clfB mutant. Together, these data show that clfA and clfB mutants exhibited the expected in vitro phenotypes, indicating they play a role in binding and interacting with Fg. Additionally, the reported differential expression of clfA and clfB in vitro (46) , together with these data, suggest ClfB-Fg interactions are sensitive to the growth conditions characteristic of the UT environment, implicating ClfB production as an important contributor to virulence.
ClfB Contributes to MRSA CAUTI. The contribution of ClfA and ClfB to CAUTI pathogenesis was then investigated by assessing the mutants in the mouse CAUTI model. Implanted mice were challenged with MRSA 1369 or the clfA or clfB mutants, and infection was evaluated by determining the CFUs recovered from bladders, implants, and kidneys. Despite its more pronounced phenotype in Fg interactions in vitro, the ClfA − strain was as proficient at causing CAUTI as the WT, with no significant differences in recovered CFUs at any of the sites tested at either day 1 (Fig. S7A) or day 3 (Fig. 7A) . However, although it displayed less striking defects in Fg interactions compared with ClfA − in vitro, the ClfB − strain had a modest but significant reduction in bladder CFUs at day 1 (Fig. S7B) . Furthermore, by day 3, the clfB mutant displayed an approximately 1 log defect in implant bacterial titers, which was significantly reduced compared with the WT (Fig. 7B) . Together, these data establish that the loss of ClfB, but not ClfA, results in attenuation for CAUTI and suggests that ClfB-Fg interactions contribute to MRSA infection of the UT.
Discussion
While MRSA can grow readily in urine, suggesting that it can use the limited nutrients available in the UT habitat (42), paradoxically, it rarely causes uncomplicated UTI. It is, however, an emerging cause of complicated UTIs, including infected kidney stones (11, (47) (48) (49) and CAUTIs (4, 8, 9, 12, 21) . Here we resolve this paradox by demonstrating that MRSA exploits the presence of Fg that is released as part of an inflammatory response induced by the presence of a foreign body. Elucidating the host factors that potentiate CAUTIs will be important for understanding patients' risk factors for developing severe sequelae.
Studies characterizing a mouse CAUTI model and human urinary catheterization indicate that even in the absence of infection, catheterization by itself induces a specific, localized inflammatory response due to mechanical damage caused by the Fig. 3 . MRSA CAUTI induces a localized inflammatory response. (A) Implants induce inflammation, which can be measured as an increase in bladder weight over time. Infection with MRSA 1369 following implantation further increases bladder inflammation. Light-gray circles represent naïve mice, dark-gray circles denote mock-infected implanted mice, and black circles are implantedinfected mice. Open circles denote mice that did not receive or that lost an implant, and closed circles represent mice that retained the implant over the course of the experiment. Statistical significance was assessed using the MannWhitney U test, *P < 0.05, **P < 0.005. (B and C) Cytokines increased >twofold (B) or >10-fold (C) in implanted MRSA-infected mice compared with implanted mock-infected control mice over a 2-wk time course. There are at least five independent data points represented in B and C. Error bars represent the mean with the standard deviation. ND, not determined.
catheter, which induces the release of host proteins, including Fg (26, 27, 36) . In the mouse model, the proinflammatory profile upon catheterization was dominated by the up-regulation of IL-6, which is involved in the induction of Fg expression and potentiation of its release into the bladder lumen (26, 38, (50) (51) (52) . Under normal circumstances, Fg is required to aid in the healing of damaged tissue (50, 52) . In the mouse CAUTI model developed here, we found that MRSA exploits the deposition of Fg to mediate colonization of the bladder and catheter. Fg was only present in the bladder following the placement of an implant, as previously reported (26) , and MRSA was found to primarily adhere to areas of the epithelium and implant that were coated with Fg. MRSA was also found to be associated with host epithelial cells and immune cell infiltrates on the mouse implants and human catheters. Further, MRSA infection promoted a robust inflammatory response in the presence of an implant, resulting in up-regulation of numerous proinflammatory cytokines, leading to highly inflamed and abscessed bladders. Specifically, in long-term implanted/ infected mice, cytokines known to play additional roles in signaling the release of Fg (50-52), including IL-1α, IL-1β, IL-6, and TNF-α (tumor necrosis factor α), were all up-regulated. This correlated with the presence of large aggregates of Fg that were only observed in long-term implanted/infected bladders, suggesting the placement of an implant and infection induced a synergistic effect, which promoted more pronounced Fg accumulation. Importantly, MRSA was primarily found within the Fg agglutinates. The abundance of Fg as part of the host's response to foreign bodies suggests that Fg is a critical component of MRSA pathogenesis, which is supported by the observation that MRSA also preferentially bound to Fg-coated regions of urinary catheters from human patients.
Interactions between MRSA and Fg are known to contribute to pathogenesis in other models of disease, including central line infections and animal models of systemic infection and endocarditis, and have, therefore, been the subject of considerable investigation (28, 29, 31-33, 40, 53, 54) . Specifically, Fg deposition on human venous catheters has long been recognized as an essential step in MRSA attachment and persistence in central line infections (54) . Direct contact with blood and platelets, which are full of Fg, causes the venous catheters to immediately become coated following placement (29, 54, 55) . MRSA exploits the presence of Fg for attachment and the formation of communities that protect against the host immune system (29, (53) (54) (55) . Additionally, an important step in MRSA pathogenesis in systemic infection is abscess formation, which is dependent on the formation of a fibrin pseudocapsule around the bacteria (53) . In this model, MRSA is initially introduced directly into the bloodstream and subsequently disseminates to organ tissues. Once in the organ tissue, MRSA elicits a robust immune response, which results in the destruction of the tissue. Fg and fibrin are then deposited in the tissue, which MRSA exploits to form a fibrin pseudocapsule. This pseudocapsule allows bacterial replication and protects against clearance by the massive influx of immune cells recruited in response to the pathogen. Abscess maturation relies on the formation of zones of necrotic and healthy immune cells, which are thought to contribute to the further destruction of host tissue, releasing nutrients required for bacterial survival and allowing for bacterial escape from the abscess to undergo additional rounds of infection. Together, these data strongly suggest that MRSA uses similar mechanisms of pathogenesis for venous and urinary catheter infection and systemic disease, where Fg deposition alters the surface of the catheter and epithelium to promote staphylococcal adherence and the formation of communities to resist clearance.
Several factors responsible for promoting MRSA-Fg interactions have been characterized, including the two MSCRAMMs ClfA and ClfB (32, 39, 40) . Mutants deficient for ClfA typically display striking in vitro defects in interacting with Fg and are severely attenuated for pathogenesis in models of systemic infection and endocarditis (31, 32, 39, 40) . In contrast, the closely related ClfB MSCRAMM displays more modest Fg interaction defects in vitro and virulence defects in models of systemic infection (28, 40) . Consistent with previous reports for other strains (31, 32, 39, 40) , the loss of ClfA in MRSA 1369 resulted in more prominent defects for Fg-dependent agglutination and adherence compared with ClfB. However, in the mouse CAUTI model, the loss of ClfA had no observable impact on MRSA pathogenesis. In contrast, the loss of ClfB resulted in attenuation compared with MRSA 1369. While the molecular basis of this discrepancy is unknown, it has been established that while the two proteins exhibit highly similar structural organization, there are significant differences in how they interact with Fg. For example, ClfA and ClfB recognize distinct sites on Fg: ClfA binds the C-terminal γ-chain of Fg, while ClfB recognizes the Fg α-chain (56) . Additionally, the differences in the ClfA and ClfB phenotypes may be explained by the observed difference in the adhesins' expression in vitro, as ClfA is expressed at all phases of growth whereas ClfB is only expressed in the early exponential phase during aerobic growth (40, 46) . Differences in regulation could explain the relative importance of ClfB in the bladder habitat. Consistent with this hypothesis, we observed that the relative contributions of ClfA and ClfB to Fg binding differed between cultures grown in rich media vs. those grown in human urine. These differences also demonstrate that Fg-binding behavior under standard in vitro conditions may not always be predictive of expression patterns induced upon encountering in vivo environments. These data also support the long-held hypothesis that MRSA encodes several potentially redundant Fgbinding proteins because they play unique roles in different types of infections or host compartments. Thus, understanding how the host environment influences interactions with Fg will be important for understanding the unique challenges the UT habitat presents to MRSA pathogenesis.
Our previous reports show that E. faecalis shares several common features with MRSA during CAUTI (26, (36) (37) (38) 57) . First, both E. faecalis and MRSA cause persistent disease by overcoming the inflammation induced upon implant placement, which consists of the recruitment of immune cells, including activated macrophages and neutrophils (37) . Additionally, both pathogens exacerbate the implant-induced inflammation by up-regulating additional cytokines known to signal neutrophil activation or recruitment, including IL-17, IL1-β, granulocyte colony-stimulating factor, and keratinocyte-derived chemokine (58) (59) (60) and, during E. faecalis infection, correlated with increased numbers of activated neutrophils within the implanted bladder (37) . Additionally, both pathogens up-regulate expression of IL-6 following infection above the levels induced by the implant alone (37) . E. faecalis also exploits the presence of Fg to form biofilm on catheter implants during CAUTI (26) . Induction of IL-6 following implant placement correlates with increased Fg in the bladder. The observed increase of IL-6 and accumulation of Fg after MRSA and E. faecalis infection suggest both pathogens (i) use a common mechanism for release and accumulation of Fg and (ii) exploit Fg to promote attachment and biofilm formation during CAUTI. Additionally, E. faecalis forms essential interactions with Fg via the pilus tip protein EbpA, which has several features in common with MRSA's ClfB. The ClfB crystal structure has been solved, and molecular modeling of EbpA suggests the protein shares a similar structural organization and maintains an analogous central Fg-binding groove to ClfB (46, 57, 61) . Additionally, both ClfB and EbpA contain a metal iondependent adhesion-site motif, which in ClfB, and likely in EbpA, binds metal cations and coordinates the Fg-binding groove facilitating ligand binding (46, 61) . The similarities between these proteins and the fact that both contribute to CAUTI pathogenesis suggest that staphylococci and enterococci likely use a general mechanism of pathogenesis by exploiting the accumulation of Fg to initiate catheter-related infections.
Despite these similarities, there are several important differences E. faecalis and MRSA use to establish persistent CAUTI. E. faecalis tightly regulates the inflammatory response by primarily inducing IL-6 to promote additional release of Fg (26, 37, 38) . The limited induction of other inflammatory cytokines during E. faecalis infection moderates inflammatory-mediated damage to the bladder tissue (26, 36) . The specific and controlled release of Fg during implant placement allows E. faecalis to establish long-term, relatively "quiet" persistent infection. In contrast, MRSA's preference for abscess formation (53) results in the induction of a robust inflammatory response, specifically recruiting immune cells and up-regulating multiple pathways for Fg induction. In this highly inflamed state of a persistent MRSA CAUTI in the mouse model, spleens become enlarged and abscesses form in the bladder. Not surprisingly, MRSA upregulates many more cytokines than E. faecalis that are involved in the recruitment and activation of neutrophils, including MIP-1α and β, RANTES, TNF-α, and IFN-γ (58-60). These cytokines likely contribute to the unique aspects of MRSA vs. E. faecalis CAUTI, including the massive influx of neutrophils that become associated with MRSA, abscess formation, the "puss-like" exudates coating the catheter, and increased destruction of tissue, which were revealed by SEM analysis of infected-implanted bladders. The SEM analysis also indicated that MRSA forms biofilm-like communities on the implants that incorporated host components, including Fg, which can explain how MRSA can resist this immune onslaught and persist in patient bladders despite rigorous antibiotic treatment. Overall, the up-regulation of IL-6, IL-10, TNF-α, IFN-γ, IL1-β, and IL-4 and (Table  S2 ) from patients with S. aureus urine or catheter positive cultures indicates Fg was deposited and, despite receiving appropriate antibiotic treatment, S. aureus was found on all catheters colocalizing with deposited Fg.
concurrent infiltration of activated neutrophils in this CAUTI model are consistent with other models of S. aureus infection, as the recruitment and activation of immune cell infiltrates, including neutrophils, are a hallmark of human blood infection, skin and soft tissue infection, and systemic disease (53, 59, 62, 63) . These data suggest that while MRSA and E. faecalis both exploit the host's inflammatory response to cause CAUTI, they pursue fundamentally different mechanisms to resist the immune system and establish persistent disease.
The Infectious Diseases Society of America recently described the "ESKAPE" pathogens as a cohort of bacterial species that are now the most adept at escaping the actions of antibiotics (64) . Significantly, this group includes the staphylococci and enterococci along with several others that are major causes of hospital-associated infections (HAIs). By elucidating the mechanisms of CAUTI pathogenesis, the results of the present study may provide important insights for developing more effective therapies for the treatment of HAIs. Further characterization of foreign-body models will give insight into how the host environment or the surface of implanted devices is altered following placement and the inflammatory response that is induced. The deposition of other host matrix proteins, including fibronectin and elastin, on prostheses is known to promote bacterial adhesion and facilitate persistent infection (39) . Here we also show that S. aureus (i) exploits Fg deposition during a mouse CAUTI model via ClfB interactions and (ii) specifically colocalizes with Fg deposited on catheters from patients with S. aureus-positive cultures, despite the patients receiving appropriate, intensive antibiotic therapy (27) . This suggests that an approach that can disrupt or prevent interaction with Fg may be developed as an antibiotic-sparing therapy. Such therapies may be broadly effective, as MRSA-Fg interactions are an important step in MRSA pathogenesis, including Fg coating of venous catheters and other biomaterials and fibrin pseudocapsule formation during abscess community maturation (29, 39, 53, 55) . Detailed investigation of the immune response elicited by foreign bodies and other potential proteins deposited on medical devices that promote staphylococcal infection will be essential for fully understanding MRSA pathogenesis to develop effective therapeutics. The availability of animal models like the MRSA CAUTI model developed here should prove invaluable for understanding the pathogenesis of important HAIs caused by ESKAPE pathogens.
Materials and Methods
Bacterial Strains and Growth Conditions. All strains used in this study are shown in Table S1 , all primers used in this study are listed in Table S3 and detailed protocols are described in SI Materials and Methods).
Growth Assays. Bacteria from overnight cultures were subcultured in either pooled, filter-sterilized human female urine at pH 5.0, 6.0, or 7.0 or brain heart infusion (BHI) to a starting OD 600 of 0.02. Bacterial growth was measured approximately every 45 min for 24 h via an Epoch (BioTek) microplate spectrophotometer. At least three separate experiments were performed with five wells per experiment for each strain.
Mouse Model of Catheter-Associated UTI and CFU Enumeration. C57BL/6 female mice were transurethrally implanted with a small piece of silicone tubing (catheter implant) and inoculated as previously described (38) . Briefly, mice were infected immediately following implant placement with ∼2 × 10 7 CFUs of bacteria transurethrally. Organs and implants were harvested and weighed at the indicated time points and the bacterial load was determined (see SI Materials and Methods for more details). Statistical analyses were performed using the Mann-Whitney U test with GraphPad Prism software (version 6.0 for Mac). All animal studies were performed in accordance with the guidelines of the Committee for Animal Studies at Washington University School of Medicine.
Cytokine Profiling. Bladder homogenates from mock-infected or MRSA 1369-infected implanted mice for 6 h, 1 d, 7 d, and 14 d were frozen at −80°C until time of assay. Before cytokine analysis, homogenates were thawed on ice and microcentrifuged at 11,000 × g for 10 min, and supernates were transferred to a new tube. Cytokine expression in supernates was then assessed using the Bio-Plex 23-Plex Assay Kit from Bio-Rad Laboratories following the manufacturer's protocols.
Antibodies Used in This Study. Primary antibodies used were goat antifibrinogen (Sigma-Aldrich); mouse anti-uroplakin III (Research Diagnostics); and rabbit anti-protein A (Sigma-Aldrich). Secondary antibodies used were Alexa Fluor 488-labeled donkey anti-goat, Alexa Fluor 594-labeled donkey anti-mouse, Alexa Fluor 647-labeled donkey anti-rabbit, IRDye 800CW donkey anti-goat, and IRDye 680LT goat anti-rabbit. Alexa Fluor antibodies were purchased from Invitrogen Molecular Probes, and IRDye conjugate antibodies were purchased from LI-COR Biosciences.
Immunohistochemistry and Histopathology. Mouse bladders were fixed in formalin overnight at 4°C and implants were fixed for 1 to 2 h at room temperature and processed for immunofluorescence staining as previously described (26) . Implants were washed and kept at 4°C until immunostaining was performed. Bladders were processed and sectioned for staining (see SI Materials and Methods for more details). Sections were blocked, washed, and incubated with primary antibodies and then secondary antibodies, and washed again. Last, sections were counterstained with Hoechst dye specific for DNA. A Zeiss Axioskop 2 MOT Plus microscope was used to analyze the sections via epifluorescence microscopy. Implants were blocked, washed, and incubated with primary and then Odyssey secondary IRDye 800CW and IRDye 680LT antibodies (see SI Materials and Methods for more details). Last, implants were washed and allowed to air dry. The Odyssey Imaging System (LI-COR Biosciences) was used to examine the infrared signal. Controls for autofluorescence included nonimplanted catheters.
Collection of Human Urinary Catheters. To investigate whether Fg or S. aureus could be detected on human urinary catheters, patients 18 y or older in the Urology Department at Washington University School of Medicine undergoing catheterization were consented and enrolled in our study. The dwell time, urine culture, and antibiotics prescribed were recorded for each patient (Table S2) as previously published (27) . The Washington University School of Medicine Internal Review Board approved this study (approval 210410058) (see SI Materials and Methods for more details on each catheter used in this study).
Analysis of Human Urinary Catheters. Following collection, catheters were processed as previously described (27) . Briefly, the first 10 cm of the catheter's tip was blocked, washed, and incubated with primary and then Odyssey secondary IRDye 800CW and IRDye 680LT antibodies (see SI Materials and Methods for more details). The Odyssey Imaging System (LI-COR Biosciences) was used to examine the infrared signal. Images were analyzed using Odyssey Infrared Imaging software (version 3.0.16) to determine the infrared fluorescence at 800 nm (Fg) and 700 nm (S. aureus). Controls for autofluorescence included nonimplanted catheters and catheters not incubated with the primary antibodies.
Scanning Electron Microscopy of Bladders and Catheters. Mouse bladders, 1-d post implantation and mock-or MRSA-infected, were prepared by the "balloon method" and imaged by field emission-scanning electron microscope (FE-SEM) (Zeiss Merlin equipped with a Gemini II electron column) (see SI Materials and Methods for detailed methods). Unstained, fixed sections of human urinary catheters from patients with S. aureus-positive cultures (Table S2 , catheters 12 and 57) were selected and processed for SEM as described in SI Materials and Methods.
Agglutination Assay. To determine whether ClfA − and ClfB − strains displayed Fg-binding defects, agglutination assays were performed as previously described (33) . Briefly, bacterial strains grown overnight under shaking conditions (200 rpm) at 37°C were subcultured and grown to an OD 600 of 1.0. Strains were washed and resuspended in one volume of 1× PBS. Human Fg (FIB 3; Enzyme Research Laboratories) was added to a final concentration of 250 μg/mL or, as a negative control, an equivalent amount of PBS. One hundred-microliter aliquots of supernatant were then removed and OD 600 was measured via an Epoch (BioTek) microplate spectrophotometer every hour until the supernatant cleared. Agglutination was calculated using the following formula: percentage agglutination = [(OD time0 − OD timeT )/OD time0 ] × 100.
Whole-Bacteria Binding to Fibrinogen. To assess whether MRSA strains could adhere to immobilized Fg, microplates were coated with 100 μg/mL human Fg, as previously described (26) . Briefly, bacterial strains were grown overnight in BHI or human urine and normalized to an OD 600 of 0.5. A total of 100 μL bacteria was added to the Fg-coated wells, incubated for 1 h, and then washed to remove all unbound bacteria. The plates were incubated with primary and then Odyssey secondary IRDye 680 LT antibody (see SI Materials and Methods for more details). Infrared signal was detected by scanning the plates using the Odyssey Imaging System (LI-COR Biosciences), and intensity was calculated via Image Studio software (LI-COR Biosciences).
Ex Vivo Attachment to Human Urinary Catheters. Catheters from patients with negative urine cultures (Table S2) were selected to determine whether ClfA the implant at day 3 compared with WT. Statistical analysis was performed using the Mann-Whitney U test, *P < 0.005.
